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Abstract 

 

GaP single crystals were irradiated with slow highly charged ions (HCI) using 114 keV 

129Xe(33-40)+ and with various swift heavy ions (SHI) of 30 MeV I9+ and 374 MeV - 2.2 

GeV 197Au25+. The irradiated surfaces were investigated by scanning force microscopy 

(SFM). The irradiations with SHI lead to nanohillocks protruding from the GaP 

surfaces, whereas no changes of the surface topography were observed after the 

irradiation with HCI. This result indicates that a potential energy above 38.5 keV is 

required for surface nanostructuring of GaP. In addition, strong coloration of the GaP 

crystals was observed after irradiation with SHI. The effect was stronger for higher 

energies. This was confirmed by measuring an increased extinction coefficient in the 

visible light region. 
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1. INTRODUCTION 

The investigation of interaction processes of energetic ions and solids yields not only 

interesting basic phenomena but also provides access to promising technological 

applications in various fields [1, 2]. As nanotechnological tool, both swift heavy ions 

(SHI) and slow highly charged ions (HCI) were successfully utilized in nanostructuring 

of different materials [3, 4]. The effect is mainly attributed to the strong electronic 

excitations created when SHI slow down (electronic energy loss) and when HCI deposit 

their potential energy around the impact site [5, 6]. HCI excite only a small surface 

volume within few nm2, quite in contrast to SHI that produce an extended trail of 

electronic excitations along their trajectory deep into the bulk of the target material [11-

13]. Despite the large difference in kinetic energy between HCI (eV-keV) and SHI 

(MeV-GeV), the coupling of the ion-induced electronic excitations to the lattice atoms 

is based on a similar mechanism [7, 8]. To produce pronounced modifications such as, 

e.g., nanohillocks, the energy transferred to the lattice atoms should in both cases 

exceed a certain threshold [9, 10]. For SHI, the creation threshold as well as geometry 

and size of the nanostructures depend on the ion beam parameters and target material. 

Many experiments showed that insulators are in general more sensitive to SHI-induced 

damage than semiconductors, which in turn are more sensitive than conductors and 

superconductors [14-16]. HCI-induced surface modifications are less well investigated 

but research got inspired and is benefitting from the knowledge available for SHI 

research results. Several recent studies compared SHI and HCI induced modifications in 

different materials including mainly oxides (SiO2 [17], Al2O3 [18], SrTiO3 [10] and 

LiNbO3 [19]) showing that both type of ions can produce the same shape of surface 

structures (hillocks or craters) of even similar size in some cases. 



  

Here, we present a study on SHI and HCI induced surface modifications in the wide-

bandgap semiconductor gallium phosphide (GaP). Nowadays, wide-bandgap 

semiconductors attract great interest due to device application e.g. as light-emitting 

diodes (LEDs) or semiconductor lasers operating at room temperature and in the visible 

light region [20, 21]. GaP is in particular promising for photoelectric applications in the 

visible to ultraviolet spectral region [22, 23]. The selection of GaP as newly HCI- 

studied material as well as comparing its response to swift heavy ions and slow highly 

charged ions can considerably contribute to reach a better understanding of the 

mechanisms responsible for the induced nanostructures formation. 

2. EXPERIMENTAL 

For the experiments we used 0.5 mm thick epitaxial (epi)-polished GaP single crystals 

(from MTI corporation, USA) of size 10 mm × 10 mm. The irradiations with high-

energy ions were performed at the 6-MV tandem accelerator of HZDR (Dresden, 

Germany) with 30 MeV I9+ ions and at the Universal Linear Accelerator (UNILAC) 

facility of GSI (Darmstadt, Germany) with equilibrium charge state 197Au ions of kinetic 

energy between 374 MeV and 2.2 GeV. The energy variation was obtained through 

decelerating the 2.2 GeV ions provided by the accelerator by covering different parts of 

the crystals with Al foils of different thicknesses. For slow highly charged ions (HCI), 

the samples were irradiated with 114 keV 129XeQ+ (Q = 33 to 40) from the Electron 

Beam Ion Trap (EBIT) facility of HZDR [24]. The ion beam parameters, including 

nuclear and electronic energy loss and ion range, as estimated by the SRIM-2010 code 

[25], are listed in Table. 1. This is taking into consideration that the secondary energy 

loss to the target electrons is not considered. The applied fluence of the gold, iodine and 

xenon ions were 5 x 109, 5 x 1010 and ~ 109 ion/cm2, respectively. All irradiations were 

performed at room temperature and under normal beam incidence. The irradiated 



  

samples were investigated by scanning force microscopy (SFM). The microscope 

(Nanoscope III, Digital Instruments) was operated using tapping mode in air utilizing 

Nanosensors PPP-NCLR probe of tip radius less than 10 nm. The Nanotec Electronica 

SL WSxM software (version 5.0 Develop 6.4) was utilized for image processing and 

dimension analysis of the SFM topographic images [26]. Changes of dielectric 

properties of the irradiated samples were tested with a rotating-compensator 

ellipsometer M-2000FI from J.A. Woolam Co. and WVASE32 (version 3.778) 

software. The ellipsometric parameters Ψ (amplitude) and ∆ (polarization) were 

recorded in a range from 210 to 1680 nm at a fixed angle position of 75° with respect to 

the surface normal [27]. The extinction coefficient (k) and refractive index (n) were 

calculated as a function of wavelength, assuming a homogenous bulk material. 

3. RESULTS AND DISCUSSION 

The topographic images of all GaP samples irradiated with SHI at the UNILAC (Au 

ions of kinetic energies between 374 MeV and 2.2 GeV and (dE/dx)e between 27.2 and 

29.8 keV/nm) showed nanohillocks protruding from the surface (Figs. 1). The hillocks 

are shown in the images as bright spots. The average (estimated from ~ 50 hillocks) 

hillock width and height range from 25 to 30 nm and from 0.4 to 0.9 nm, respectively 

(see Table 1). The width of a hillock was determined by defining two opposite points 

representing the regions where a height profile line (Left and Right foot) through the 

hillock maximum merges with the undamaged surface plane [6]. The roughness of the 

pristine samples was estimated to be ~ 0.2 nm, as shown in Fig. 2. Therefore, it should 

be considered as the minimum detection limit for the hillocks height. In contrast to swift 

gold ions, the surface of GaP irradiated at the 6-MV tandem accelerator with 54 MeV 

iodine ((dE/dx)e =10.3 keV/nm) did not show any topographic features (Fig. 3). The 

critical (dE/dx)e for hillock creation in GaP is obviously between 10.3 and 27.2 keV/nm. 



  

This was in agreement with the detected threshold for a similar material, namely GaN of 

(dE/dx)e threshold between 22.8 and 28.3 keV/nm [28].  

The hillocks produced in GaP are similar in shape to the ones created by SHI in ionic 

fluoride single crystals [29-32], but their height is smaller (note, the hillock width is 

difficult to compare, because it is affected by the radius of the used SFM tip). The 

threshold for hillocks creation in ionic fluorides is ~ 5 keV/nm which is significantly 

smaller than for GaP. Both, the smaller hillock height and the larger threshold of GaP 

are a clear indication of its lower sensitivity to ion damage compared to ionic fluorides 

and to many of the investigated oxides [17-19]. The existence of larger threshold for 

track formation by SHI in GaP was also predicted by Kamarou et. al. [33].  

In contrast to SHI, no noticeable topographic changes were observed after irradiation 

with 114 keV highly charged xenon ions (XeQ+), Q=33-40. This was concluded from 

the SFM measurements of the irradiated samples, where the dominated features in the 

measured topographic micrographs are only the grooves caused by polishing, as shown 

in Fig. 4. For surface nanostructuring with HCI, the potential energy (Epot) plays a 

similar role as the electronic energy loss does for SHI [34-36]. The fact that none of the 

different charge states of the used HCI create hillocks gives evidence that the potential 

energy threshold is above 38.5 keV. This value is in agreement with the one observed 

for GaN [28], of the same material category, and much larger than the threshold of 14 

keV for calcium fluoride, as the most studied material. However, this value is shifted to 

even lower value ~ 12 keV for slower ions [37]. This velocity effect can be considered 

as a hint for using slower HCI in order to reduce the threshold potential energy for 

surface nanostructuring of GaP [38].  

In addition to the observed surface modifications, we also noticed that irradiation with 

SHI resulted in a color change of the irradiated crystals. The effect was even more 



  

pronounced for higher kinetic energies due to the larger range of the ions (see inset of 

Fig. 5a). It was also confirmed by measuring a higher extinction coefficient in the 

visible light region for the sample area that was exposed to 2.2 GeV Au compared to the 

one exposed to 374 MeV Au ions (see Fig. 5a). This difference can be ascribed to the 

creation of more defects after irradiation with 2.2 GeV Au of mean energy loss 

(<dE/dx> = 27.8 keV/nm), than for 374 MeV of <dE/dx> = 24.0 keV/nm. This is taking 

into consideration that the mean energy loss was estimated for the ellipsometric-probed 

irradiated layer (~ 4 µm), i.e. < dE/dx> = (E(initial) - E(at 4 µm depth))/4 µm, which 

was required in order to compare the damage induced by different kinetic energies. It is 

worthwhile mentioning that the presence of enough free carriers can cause also 

absorption of light, which termed free carrier absorption, at longer wavelength (usually 

infrared region) [39]. However, this effect was not observed in the irradiated GaP. In 

addition, in the UV region we observed smaller refractive indices for the 2.2 GeV Au 

irradiated samples than for the one irradiated with 374 MeV Au. In the visible and 

infrared spectral regions, no changes occur. This fact suggests that GaP has more 

attenuation and/ or refraction for the UV light, of higher energy, than the one for visible 

and infrared exhibiting lower energy. 

4. CONCLUSIONS 

We have demonstrated that the interaction between SHI and GaP surface can result in 

the creation of surface nanohillocks. These nanostructures were not observed after 

irradiation with 54 MeV I ions of (dE/dx)e= 10 keV. Therefore, it was concluded that 

GaP requires a higher energy loss threshold between 10.3 and 27 keV/nm. However, by 

comparing similar material e.g. GaN, the lower limit can be shifted to ~ 20 keV/nm 

[28]. Such nanostructures could not be also achieved by irradiation with 114 keV HCI 

even when using the highest available charge state (40+) of potential energy 38.5 keV. 



  

Ellipsometry measurements for GaP irradiated with swift gold ions showed an increase 

of the extinction coefficients in the visible spectral regions for the ions exhibiting higher 

mean energy loss. Similarly, but in the UV spectral region, an increase of the refractive 

index was observed after irradiation with ions of higher mean energy loss. 
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Figure Captions 

Fig. 1. SFM topographic images (400 x 400 nm2) of GaP surface irradiated with 5 x 109 

cm-2 swift Au ions of various kinetic energies. The total kinetic energy and electronic 

energy loss is shown in each case. 

Fig. 2. SFM topographic image (400 x 400 nm2) of GaP non-irradiated surface. The direction 

of fast scanning was from top to bottom. The graph shows line profile across the whole 

image.  

Fig. 3. SFM topographic image (400 x 400 nm2)  of GaP surface irradiated with 5 x 1010 cm-2 

54 MeV I ions. The electronic energy loss is shown. 

Fig. 4. SFM topographic images (1.0 µm x 1.0 µm) of GaP surface irradiated with 109 

cm-2 114 keV Xe highly charged ions of charge state Q= 36+, 38+, and 40+ 

corresponding to potential energy of 27.8, 33.0 and 38.5 keV, respectively. 

Fig. 5. Spectroscopic ellipsometry of GaP crystals irradiated with 5 x 109 cm-2 of 374 

MeV (red) and 2.2 GeV (black) 197Au ions: (a) Extinction coefficient and (b) refractive 

index as a function of wavelength. The inset in (a) shows a photo of the sample 

illustrating the coloring effect of the ion beam. 

 
Table 1. Ion beam parameters used for irradiation of GaP: potential energy Epot, kinetic 

energy Ekin, electronic energy loss dE/dxe, nuclear energy loss dE/dxn, mean ion range R 

(calculated using SRIM-2010), and experimentally determined mean width (D) and 

height (H) of the created nanohillocks. 
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Figure 1: SFM topographic images (400 x 400 nm2) of GaP surface irradiated with 5 x 109 

cm-2 swift Au ions of various kinetic energies. The total kinetic energy and 
electronic energy loss are shown in each case.  
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Figure 2: SFM topographic image (400 x 400 nm2) of GaP non-irradiated surface. The 
direction of fast scanning was from top to bottom. The graph shows line profile across the 
whole image.  
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Figure 3: SFM topographic image (400 x 400 nm2) of GaP surface irradiated with 5 x 1010 

cm-2 54 MeV I ions. The electronic energy loss is shown.  
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Figure 4: SFM topographic images (1.0 µm x 1.0 µm) of GaP surface irradiated with 109 cm-2 

114 keV Xe highly charged ions of charge state Q= 36+, 38+, and 40+ 
corresponding to potential energy of 27.8, 33.0 and 38.5 keV, respectively. 
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Figure 5: Spectroscopic ellipsometry of GaP crystals irradiated with 5 x 109 cm-2 of 374 

MeV (red) and 2.2 GeV (black) 197Au ions: (a) Extinction coefficient and (b) refractive 

index as a function of wavelength. The inset in (a) shows a photo of the sample 

illustrating the coloring effect of the ion beam. 
 

 

 



  

Table 1: Ion beam parameters used for irradiation of GaP: potential energy Epot, kinetic 

energy Ekin, electronic energy loss dE/dxe, nuclear energy loss dE/dxn, mean ion range R 

(calculated using SRIM-2010), and experimentally determined mean width (D) and 

height (H) of the created nanohillocks. 

  

 

 

 

 

Ions Epot 

(keV) 
Ekin 

 

Degrader 
(Al) 

Thickness 

(dE/dx)e 
keV/nm 

(dE/dx)n 
keV/nm 

Range 
 

D 

(nm) 
H 

(nm) 

Xe33+ 21.2 114 keV - 0.3 2.75 13.8 nm 
- - 

Xe36+ 27.8 114 keV - 0.3 2.75 13.8 nm 
- - 

Xe38+ 33.0 114 keV - 0.3 2.75 13.8 nm 
- - 

Xe40+ 38.5 114 keV - 0.3 2.75 13.8 nm 
- - 

I9+ - 54 MeV - 10.3 0.20 9.6 µm 
- - 

Au25+ - 374 MeV 76 µm 27.4 0.13 24.5 µm 27.9± 3.1 0.9±0.3  

Au25+ - 781 MeV 61 µm 29.8 0.07 38.0 µm 29.8±1.2 0.5±0.3 

Au25+ - 1.19 GeV 43 µm 29.6 0.05 51.5 µm 28.9±3.3 0.4±0.1 

Au25+ - 1.48 GeV 31 µm 28.9 0.04 61.7 µm 25.6±3.8 0.7±0.1 

Au25+ - 2.08 GeV 12 µm 27.4 0.03 83.0 µm 30.1±3.6 0.4±0.1 

Au25+ - 2.19 GeV - 27.2 0.03 86.9 µm 26.0±5.0 0.4±0.2 


